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Luminescence of Sfllicon Nanocrystals and Porous SSlicon 



Louis BRUS 
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Silicon nnnocryduJi have been mode t>y d high lempeniiure aeroool method. When pwiivMcd with 0.5-1 nm of oxide ihc cryjuOlitei 
lumineicencc with co. 5* qoontum yield di room icmperMUfC. ot visible xvnYclenaihs obout 1 eV nbove the bulk lOicon band g^p. 
SpecuOTCopy showi thai the nnnocryiuU* behove at indirect Q&p ocmiconductoii with phonon induced *pccim. The quantum yield ai room 
irnperowre is high, nd becousc the nonociysuilfl ore somcwhai direct ^vp like, bui bccouse ihe fast rodiouonless processei which dominoie 
conicr dynamics m buQc siUcca ore suppressed in nanocfystal silicon. The dynamics heccjne mdecule-lilce m nanocrysiaJ siDcon. 



1. nntraduction 

Significant process has been made in understanding the 
detailed quantum mechanics of direct gap semiconductor 
nanocrystals, principally the 11- VI material CdSe in the 
strong confinement lisniu as evidenced by a number of 
talks given in this OPN '94 meeting. In these 
nanocrystals the lowest electronic (band gap) transition is 
strongly dipole allowed for all sizes. 

In an indirect gap material such as silicon, 
luminescence is electric dipole forbidden by translationai 
symmetry. In nanocrystals a purely eleciionic transition 
dipole should develop and increase as size decreases; in 
addition the vibronically induced TO phonon 
luminescence is predicted to become faster as size 
decreases'^2^ Thus nanocrystal Si might be a useful 
luminescent material. Indeed, porous Si emits efficiently 
at room iemperature^-^>, and this emission has been 
atuibuted to nanocrystals having faster radiative rates than 
bulk silicon. If a practical and fast(gigaheitz)lufninescent 
silicon material could be found, optical interconnections 
for VLSI silicon circuits would become feasible. This is 
an important goal for the compuierAelecommunications 
indusu-y. In this short article I discuss recent woift in 
understanding this luminescence. 

2. SyiBthesis, CharacderizatioRt £ind Optical 
Properties 

Silicon nanocrystals are made in an aerosol apparatus 
that has two stages: an initial oven at 1000 C where 
flowing disilanc is pyrolyzed to make Si nanocrystals. In 
a second oven, a brief high temperature oxidation creates a 
O.S-0.8 nm oxide shell on each crystallite, to passivate 
the surface and to impart particle solubility in hydrogen 
bonding type solvents. The flowing aerosol is bubbled 
thought ethylene glycol, and a nanocrystal colloid 
forms*'. 

X-ray powder diffraction and TEM show that the 
silicon core is a single crystal with lattice constant 
unchanged from the bulk at present resolution. Near edge 
X-ray absorption shows that the siliconrsilicon dioxide 
interface is about a monolayer thick. Particles with 3 nm 
Si cores emit near 800nm; deep red 650 nm emission 
comes from panicles between 1 and 2 nm in size^. 

The high temperature silicon nanocrystal method 
necessarily makes a moderately wide size distribution. 
Sizes can be partially separated using size exclusion 
chromatography, and precipitation methods. Figure 1 
shows a rather broad nanocrystal disuibution (A) that has 
been separated into two pans: (B) a narrow fraction of 
smaller panicles, and (C) a broader fraction of larger 
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Fia- 1 Ocfl-hond side) SpcctraUy corrected Si nanocrystal 
luminescence in organic glass (350nm excitation. 20KX (right* 
hmd side) Corresponding Uquid chromaiogntms oilh appAiiimate 
logarithmic size colibrotion. Reloijvc intcnsides are arbitrary. 
Adap:ed from ref. 7. 

panicles. (B) emits in the :600-700nm region, on the 
higher energy side of the broad, featureless emission of 

If we "activate" (B) by 100 C heating with addition of 
acidic hydrogen peroxide, then room temperature 
photoluminescence is observed with quantum yields of 
about S%. Activation appears to passivate the last few 
''dangling bonds" on the panicle. The photoluminescence 
quantum yields are measured in optically thin, clear 
solutions, and are referenced against the known quantum 
yields of organic dyes. At low temperature, the quantum 
yieW increases to near 50%. However, the lifetimes are 
quite long: near 50 microseconds at room temperature, 
increasing to several milliseconds at liquid He 
temperatures^^ 

The emission (B) is still broadened by a residual size 
distribution. The photoluminescence excitation specuum 
on the high energy side, at 630 nm, records the excitation 
specmjm of the smallest crystallites in the disuibution. 
This spectrum in Figure 3 shows indirect gap type 
absorption extrapolating to a near 630 nm band gap. This 
conunuous spectrum is quite different than in CdSe 
nanocrystals where discrete transitions arc observed in 
absorption. In CdSe only those few discrete u^nsitions 
strongly allowed under electron dipole selection rules are 
observed. In effect the spectrum is simplified. In Si 
nanocrystals, it would seem that ail possible transitions 
are present, at roughly equal intensities due to phonon 
coupling, yielding a dense, apparently continuous optical 
absorption. 
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FieuTc 2 also shows no smiciuit in the region of the 
Si ultraviolet direct gap above 3.4 eV. It would appear 
that the Si direct gap broadens, rather than shifts to higha 
energy as in CdSe. This may leficct the fact thai the St 
gap at 3.4 eV is actually a saddle point in the Bnllouin 

^'pigure 3 shows the luminescence spectrum observed 
foUowing laser excitation at 710 nro. correspondmg to 
resonant excitation of only larger nanocrysials m the size 
disu-ibution. This emission shows st^s due to TO 
phonon thresholds. These resonant spectra arc quitt 
similar to those observed and analyzed in porous St 
lumincscence» »-i«. This spectrum, along wtih the 
excitation spectrum and the very long measured bfcumcs. 
prove that the Si nanocrysials emitting near 2.0 cv are 
bidirect gap type, with TO phonon (indirect) luminescence 
dominaung purely electronic (direct) luminescence, in 
agreement with recent theory^. 

3. Comparison of Nanocryslal and Bulk 
Crystalline Silicon 

D\t Si nanocrystal data are quite similar to the porous 
silicon data, and I believe that the two systems have a 
common mechanism. The chromophore is a ^^vatcd 
Si nanocrystal with a band gap larger than the bulk band 
gap due to three dimensional quantum confincmenL 

As we measure both ihc quantum yield of emission 
and the lifetime t we can obtain both the radiative rate 
and the nonradiauve rate r„ such that ^''=^*^«r- 
Experimenially, has a maximum value of 2x105 r at 
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lOOK, By comparison, in crystalline Si the free excilon, 
bound by Coulomb forces at low tcniperaturc has a 
phonon induced ladiaUve rate of 2x10* s;^ ".^^>. TTius, 
die radiative rate of the nanocrystal is flfll faster than that 

of bulk SL . - , 

Actually, the luminescence efficiency of bulk 
crystalline Si and nanocrystal Si can both be high at 
liquid He temperatures. In the bulk crystal, an exciion 
tytBcally trapped at a shallow defea, or at a foreign atom, 
luminesces with high quantum yield and long Ufetimc. m 
analogy with an exciton "trapped" inside a nanocr^tal. m 
both cases a partially superimposed election and hole emit 
slowly with TO phonon participation. In both cases 
nonradiative relaxatitni producing lattice heat is rclauvely 
unimportant in ihc trapped pair. 

The major difTerence occurs m the room 
temperature kinetics. In nanocrystals. confinement 
within one crystallite keeps the eleciron-hole pair 
superimposed, and luminescence occurs at room 
temperature as well. However, in the bulk crystal the 
cxciion Coulomb binding energy is less than kT at room 
temperature, and the electron hole pair separates. If ihc 
crystal contains even relatively rare deep defects that 
catalyze non radiative recombination, then the mobile 
carriers will find and trap in such centers. If such dwp 
traps are not present, then free carriers can live for 
milliseconds at very low density. However, at moderate 
densiues the lifetime shortens due to three body Auger 
fecombination^^J 

e + h +(e or h) (e or h) + 1 .1 eV kinetic energy 
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AS a result of both processes, ihc quantum yield of 
luminescence is negligible ai room temperature m bulk 

^'*'*Both bulk nonradiative mechanisms arc severely 
decreased in nanocrystals as carriers become siaaonary. 
First, the Auger process is much less imporuni as pain 
rnS)araie ci7St^lites are electrically isoUted and do not 
inieract»^>. (As the opucal absorption cross section scales 
wiih nanocrysul volume, the probability of two paus 
existing in one crystallite decreases for smalJ crystallites 
at constant excitation intensity.) Second, the effect of rare 
deep defects is lessened by the fact that one defect can 
quench luminescence from just one nanocrystal. In the 
bulk crystal, one defect can quench lummescencc from a 
much larger volume due to the carrier mobility. If surface 
passivation does not introduce new deep traps, then 
luminescence increases in nanocrystals. 

In this model, the factors that ^ cause 
photoluminescencc to increase also decrease el«:incai 
conductivity in nanocrysiaJ films such as porous Si. If a 
nanocrystal shows quantum size effects m its opUcal 
spectra, then there must be a barrier to electron mouon 
between crystallites. ^ t 

Nevertheless, if the pores in the nanocrystal Him 
contain liquid electrolyte, as in liquid junction porous Si 
electroluminescent diodes/ then the film Fermi level can 
be adjusted via the electrolyte redox potenual^^^. Slow, 
hopping conductivity occurs in such films, as well as 
carrier motion in the electrolyte. These devices show 
novel physics ar>d merit further research. 
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the vibrations of a finite lattice, in the nanocrystal. As 
shown in Figure 4, for some time it has been understood 
that several size regimes exist in semiconductor optical 
spcciroscopy: (a) molecular, (b) nanocrystal, or quantum 
dolTCc) polariion, and (d) macroscopic crystal'*?. Silicon 
demonstrates that interesting size regimes exist m earner 
dynamics as well. This aspect is not yet completely 
undeistoodL 
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Fig. 4 Schcmauc of Size Regime* for Semiconductor CrytuUiit*. 

4. Nanocrystal Size Regimes 

This discussion shows how the electron-hole 
recombination kinetics uansforms from molecule-likc ui 
nanocrystals, to the many interacting carrier kinetics of 
the macroscopic crysul. Moleculc-like means that a 
partiaJly superimposed electron and hole interact with each 
other directly via Coulomb and exchange forces, and with 
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